The ability of cells to orient in response to mechanical stimuli is essential to embryonic development, cell migration, mechanotransduction, and other critical physiologic functions in a range of organs. Endothelial cells, fibroblasts, mesenchymal stem cells, and osteoblasts all orient perpendicular to an applied cyclic stretch when plated on stretchable elastic substrates, suggesting a common underlying mechanism. Yet many of these same cells orient parallel to stretch in vivo and in 3D culture, and a compelling explanation for the different orientation responses in 2D and 3D has remained elusive.
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Introduction
Alignment of cells in response to mechanical cues plays an important role in a wide range of physiologic responses, from sensing of shear stress by endothelial cells to production of aligned collagen in developing tendons. One of the most intriguing observations to emerge from studying these responses is that cells plated on a flexible 2D substrate orient perpendicular to an applied uniaxial cyclic stretch (1) (2) (3) (4) (5) (6) , while cells embedded in a 3D gel orient parallel to that stretch (7) (8) (9) (10) (11) (12) (13) . Recently, Obbink-Huizer et al. (14) proposed an attractive hypothesis to explain this discrepancy. They postulated that the dominant cellular response in both situations is strain avoidance, in which net disassembly of stress fibers parallel to an applied strain produces cytoskeletal alignment perpendicular to that strain. According to this hypothesis, cells in 3D gels align parallel to applied cyclic stretch because they are able to compact these gels perpendicular to the stretch direction, producing compaction strains that are much larger than the applied cyclic strains; in other words, cells in gels align with applied stretch only because they are avoiding much larger transverse compaction strains.
To date, only limited experimental data are available to assess this hypothesis.
Foolen et al. (8) designed a collagen gel loading system that allowed them to perform either uniaxial cyclic stretching (in the x1 direction with x2 left free to compact) or strip uniaxial cyclic stretching (in the x1 direction with x2 constrained). However, this experimental system simultaneously varied both compaction and boundary conditions in the x2 direction. In order to specifically test the hypothesis that transverse compaction explains cell alignment parallel to stretch in 3D culture, we developed a system that allowed us to independently control compaction in the loading and transverse directions, prior to and during the application of cyclic uniaxial stretch. Experiments with this new system suggested that traction boundary conditions -rather than compaction per segovern the alignment of cardiac fibroblasts cultured in statically restrained collagen gels.
Cyclic uniaxial stretch could modify this alignment, but only at frequencies an order of magnitude greater than required to induce perpendicular alignment in published 2D stretching experiments. We then modified a thermodynamic model of stress fiber dynamics published recently by Vigliotti et al. (15) and were able to reproduce these new experimental findings as well as previously published data from 2D cyclic stretching experiments. These experiments and model results suggest a new framework for understanding the apparently contradictory alignment responses of cells subjected to cyclic stretch on 2D membranes and in 3D gels.
Results and Discussion
Cellular Alignment in the Presence of Transverse Compaction
In order to separate the effects of compaction and boundary conditions, we subjected collagen gels containing primary adult cardiac fibroblasts to different combinations of experimental conditions during a 24h pre-culture period and subsequent cyclic stretch periods (Fig. 1) . In one group, we restrained gels during preculture, then left the x2 direction free while we imposed low-frequency uniaxial stretch (10%, 0.5 Hz) or restraint (0% stretch) in the x1 direction (Fig. 1C) . Marker-based measurements of deformation in the central region of these gels confirmed the presence of substantial transverse compaction (Fig. 2B ). Fibroblasts were randomly aligned after the pre-culture phase, but aligned strongly in the x1 direction (parallel to stretch) during the stretching phase (Fig. 2C, Fig. 3A,B) . This experiment replicates the classic 3D results described previously by multiple groups, wherein cells in 3D culture align parallel to an imposed stretch (7, 8, 16 ). Unfortunately, this experiment alone provides limited insight into the factors governing cell alignment because so many potential determinants co-vary. Cells could be aligning parallel to the imposed stretch or restraint or perpendicular to the compaction strains; furthermore, since transverse compaction generates collagen alignment parallel to a uniaxial restraint (7, 11, 16, 17) , cells could also be aligning along the local collagen fiber direction.
Cellular Alignment in the Presence of Isotropic Compaction
In order to better separate these potentially confounding variables, we took advantage of the fact that collagen gel compaction is very rapid during the first few hours, then slows dramatically ( Fig. 1E) (18) . Thus, when we left gels unconstrained in both directions for 24 hours, they compacted isotropically, inducing no net cell alignment (Fig. 2D ,E,F). 24 hours of subsequent uniaxial restraint or low-frequency cyclic stretch (10%, 0.5 Hz) along the x1 direction produced no additional transverse compaction in the x2 direction, yet cells aligned strongly over that same time period; thus it seems clear that compaction strains could not be the primary driver of cell alignment in this experiment. We note that with longer culture periods in this experimental group, we did see some additional x2 compaction. However, this compaction was not associated with higher levels of cell alignment (Fig. 2D,E,F, Fig. 3D ,E), again demonstrating a lack of correlation between the degree of transverse compaction and the degree of cell alignment.
Cellular Alignment in the Absence of Compaction
In other gels, we prevented transverse compaction by constraining gels biaxially during the pre-culture period and then applying "strip uniaxial" stretch conditions: stretching (10%, 0.5 Hz) or restraining (0% stretch) gels in the x1 direction while preventing deformation in the x2 direction (Fig. 1D) . As expected, these gels displayed no transverse compaction (Fig. 2H ). According to the strain avoidance hypothesis, this experiment should produce similar results to those observed with cells cultured on 2D stretchable membranes: in the absence of transverse compaction, cells should avoid the imposed 10% cyclic strain and orient perpendicular to the loading direction. In contrast to this expectation, we found that average fibroblast alignment remained low at all time points in these gels (Fig. 2I) , and histograms showed similar numbers of cells oriented in all directions (Fig. 3G,H) .
These results are consistent with most previous reports employing 3D gels, but there are some inconsistencies. In agreement with our findings, Foolen et al. (8) reported that vascular-derived cells cultured in collagen/matrigel gels developed random orientations during an initial biaxial constraint and that subsequent 10% strip uniaxial cyclic stretch at 0.5 Hz caused no change in the orientation within the core of the gel. However, they also reported that cells on the top and bottom surfaces of their gels aligned perpendicular to the direction of stretch (8); by contrast, cells at the surface and within the core of our gels showed similar alignment responses in all conditions. In another study, De Jonge et al. (19) reported that myofibroblasts and collagen in 3D fibrin gels subjected to 5% strip uniaxial cyclic stretch at 1 Hz oriented perpendicular to the stretch direction, which appears to contradict both our data and that of Foolen.
Effect of Stretching Frequency on Cellular Alignment in 3D Gels
Published data suggest that cells on 2D elastic membranes subjected to cyclic uniaxial stretch align perpendicular to stretch only above a critical frequency of approximately 0.1 Hz (20-22). We therefore tested the possibility that higher frequencies might induce perpendicular alignment in our strip uniaxial gels; for comparison we imposed the same stretch conditions on uniaxially stretched gels. We plotted an order parameter that quantifies alignment (1 = parallel, -1 = perpendicular, 0 = random, see equation (5) in Materials and Methods) as a function of frequency alongside published 2D data (22) from cyclically stretched rat embryonic fibroblasts (Fig. 4A) . Cells in gels subjected to strip uniaxial stretch showed no alignment at 0.5 Hz, modest but statistically significant perpendicular alignment at 2 Hz, and clear perpendicular alignment at 4 Hz (orientation histograms for each case provided in the SI Appendix, Fig. S2 ). Thus, under strip uniaxial conditions it was possible to induce perpendicular alignment similar to that commonly observed in 2D, but the transition frequency at which this occurred was an order of magnitude higher in our gel experiments than has been reported in 2D. Cells in gels subjected to uniaxial stretch with the x2 direction left free showed clear parallel alignment at 0.5 Hz, modest but statistically significant alignment at 2 Hz, and no significant alignment at 4 Hz (Figs. 4A,   S2 ).
Mechanical Determinants of Cell Alignment in 2D and 3D
Our experimental results suggest thinking about the mechanical factors that influence cell alignment on two different time scales. On the time scale of individual stretch and release cycles, sufficiently rapid or large strains do appear to modify cell alignment in 3D, inducing perpendicular alignment under conditions where static culture would produce randomly oriented cells and reducing parallel alignment under conditions where static culture would produce it. These observations are generally consistent with previous models (14, 23) in which high strain rates either reduce stress fiber assembly or promote disassembly. However, any model that aims to simultaneously capture both 2D and 3D responses must explain why the transition frequency for perpendicular alignment appears to differ in these settings (Fig. 4A) . We have incorporated one hypothesis to explain this discrepancy in the computational model presented below.
On the time scale of hours to days over which compaction of 3D gels occurs, we found that strain avoidance could not explain the alignment responses we observed.
When cultured statically or at frequencies too low to induce reorientation, cells in gels restrained in the x1 direction aligned just as strongly whether they compacted only in the x2 direction or equally in both directions (Figs. 2, 3) . Thus, we believe the data presented here support the alternate hypothesis that cell alignment in these experiments was primarily determined by the presence or absence of a restraining boundary condition. This alternate hypothesis fits better with prior observations that cells in collagen gels actively remodel the surrounding collagen as well as their attachments to it on a timescale of hours to days, making it difficult to imagine how cells would "remember" compaction strains over these longer times. The boundary condition hypothesis would also be consistent with a prior study by Lee et al., who allowed cell and collagen alignment to develop in uniaxially restrained collagen gels, then switched the direction of restraint from x1 to x2 (7) . Following the switch, cells re-oriented rapidly into the new direction of restraint (and away from the dominant collagen fiber direction), then gradually began reorienting collagen fibers towards the new preferred cell direction. This result suggested that the cells could sense and respond to a change in the direction of restraint independently of the alignment cues provided by surrounding collagen fibers, but did not directly address the role of compaction strains vs. restraint.
Computational Predictions of Cell Alignment
In order to explore potential mechanisms that might explain the experimental results reported here, we modified a previously published model by Vigliotti et al. (15) that predicts the steady-state distribution of stress fibers (SFs) by accounting for the effects of imposed stretch and shortening on the kinetics of SF assembly and disassembly. The equations and details of the modified model are presented in the SI Appendix, but conceptually we made two modifications that reflect our proposed explanations for the novel findings presented above.
Our first modification to the original Vigliotti model was to assume that cells can remodel the surrounding collagen, their attachments to that collagen, and their cytoskeleton over time scales much longer than an individual loading cycle to achieve a state at which the increase in elastic energy due to stretching the cell beyond its reference configuration was balanced by the decrease in cytoskeletal free energy due to SF assembly (SI Appendix, Fig. S1 ). As noted above, there is ample experimental evidence that cells embedded in collagen gels do remodel the surrounding collagen and their attachments (24-26), but the hypothesis that this remodeling minimizes the free energy of the cell remains to be tested. When both the x1 and x2 directions were Integrating these equilibrium stretches into the Vigliotti model resulted in nearly isotropic predicted stress fiber distributions for strip uniaxial stimulations of static and lowfrequency stretch conditions (Fig. 3I) . By contrast, in all uniaxial simulations where the x2 boundary of the gels was left free, the model predicted strong SF alignment in the x1 direction (Fig. 3C,F) , consistent with the experimentally measured cell orientation distributions.
Our second modification accounts for the fact that when cells are embedded in very soft gels, the cells and gel act as springs in series, and the cells experience only a fraction of the stretch applied globally to the gel (27) . In the Vigliotti model, large negative strain rates lead to lower SF forces due to the force-velocity behavior of myosin, discouraging parallel assembly and encouraging perpendicular assembly.
Assuming that cells experience all of the global applied stretch in 2D but only a fraction of that stretch in a soft 3D gel, the model predicted that higher frequencies (or higher stretches) are required to modify SF distributions in 3D vs. 2D, in agreement with our 3D experiments and published 2D data ( Fig. 4B ; orientation histograms for 3D simulations provided in the SI Appendix, Fig. S2D,H) . Together, these two modifications to the Vigliotti model allowed it to correctly predict not only the classic frequency- All of these models capture the experimental observation that cells on 2D
substrates align parallel to a static restraint but perpendicular to an applied uniaxial cyclic stretch. Adding our assumption that only a fraction of the globally applied stretch is transferred to cells in soft gels would likely allow several of these models to also capture the difference in transition frequency between 2D and 3D experiments (Fig. 4) .
Of these models, only the Obbink-Huizer and Vigliotti models correctly predict that cells
Limitations and Sources of Error
Most models of the effects of stretch on cell orientation (including the one employed here) predict distributions of stress fibers within a single hypothetical cell.
However, most experiments quantify the alignment of many cells subjected to a given experimental condition, in order to account for biologic variability and stochasticity that may not be represented in models. Thus, we do not expect model-predicted SF distributions to precisely match experimentally measured cell orientation distributions The strength of alignment computed from analyzing stress fibers (mean vector length, MVL SF ) also correlated with but was consistently lower than that computed from the cell boundary (MVL cell ) (SI Appendix, Fig. S3B ). On a cell-by-cell basis, this observation reflects the fact that even in cells that were clearly spindle-shaped and strongly aligned in a preferred direction, we frequently observed individual stress fibers oriented away from the primary cell axis.
Limitations of the computational model presented here include the fact that we validated its predictions of cell alignment responses against experimental results for cyclic stretch at a range of frequencies from 0-4 Hz and amplitudes ranging from 0-10%, but predictions for other frequencies and amplitudes remain to be validated. In addition, although we expect that collagen gels that compacted more in the x2 than in the x1 direction in our experiments also developed some degree of collagen fiber alignment along the x1 axis, we did not measure those collagen orientations or include them in our computational model of cell alignment. Our primary justification for this omission is that our prior studies have clearly shown that isotropic compaction maintains random collagen orientation in the x1-x2 plane in these gels (11), yet some of our gels developed very strong cell alignment in the presence of isotropic compaction strains (i.e., 24h group in Fig. 2D ,E,F). Thus, while contact guidance is certainly an important alignment cue in many settings, in our experiments it does not appear to be the dominant mechanism underlying cell alignment. Finally, the free-energy minimization approach used here to compute the equilibrium strain state of simulated cells ignored exchange of nutrients and heat with the surrounding bath and neglected the entropy and distribution of states observed in actual cell populations.
Materials and Methods
Fabrication and Loading of Fibroblast-Populated Collagen Gels
We isolated and cultured adult rat cardiac fibroblasts and generated fibroblastpopulated collagen hydrogels as previously published (17, 30); details are provided in the SI Appendix. Gels containing a final concentration of 200k cells/mL and 2 mg/mL collagen were polymerized and constrained in both directions or left to compact isotropically during a 24h pre-culture period before transfer to the loading system (Fig.   1A ). We used CellScale MechanoCulture B1 devices (CellScale, Waterloo, ON, Canada) to either statically or dynamically load the cell-populated collagen hydrogels (Fig. 1B) . These devices included a "dry" side, housing a circuit board and motor that could be programmed for a variety of amplitudes or frequencies of stretch (right side of plastic layers transferred linear motion of the bridge into stretch of an inner circle (3.6cm diameter) of 24 pins. We pinned the arms of the collagen gels in the x1 direction, and either pinned the arms in the x2 direction to prevent compaction (strip uniaxial stretch) or cut them off to allow compaction (uniaxial stretch).
We transferred gels initially cultured under biaxial constraint to the B1 devices and subjected them to either 0% uniaxial stretch (x1 direction constrained, x2 direction left free to compact), 10% cyclic uniaxial stretch (stretch applied in the x1 direction, x2 direction left free to compact) (Fig. 1C) , 0% strip uniaxial stretch (both directions constrained), or 10% cyclic strip uniaxial stretch (stretch applied in the x1 direction, x2 direction held fixed) (Fig. 1D) . In this paper, we use "0% strip uniaxial stretch" and "0% uniaxial stretch" (synonymous to a biaxial and uniaxial constraint, respectively) in order to differentiate these loading conditions in the stretcher from the pre-culture conditions.
We also transferred the gels that initially floated freely in media and compacted isotropically to CellScale devices and subjected them to either 0% uniaxial stretch or 10% cyclic uniaxial stretch (Fig. 1E) . We mapped the time course of the static (0%) and low-frequency (10%, 0.5 Hz) responses using 15 gels for each of these six conditions:
five stretched for 24 h, five for 48 h, and five for 72 h. We explored the effect of higher frequencies by stretching gels for 72 h under each of the following conditions: 10% cyclic uniaxial stretch at 2 Hz (n=5), 10% cyclic uniaxial stretch at 4 Hz (n=4), 10% cyclic strip uniaxial stretch at 2 Hz (n=5), and 10% strip cyclic uniaxial stretch at 4 Hz (n=5). The five gels in any one experimental group contained cells from five separate rat fibroblast isolations. In addition to the 109 gels listed above, eight gels underwent the initial pre-culture step only (n=4 biaxial constraint, n=4 isotropic compaction).
Quantification of gel compaction
We applied nine titanium oxide paint dots, consisting of 1 g/mL Titanium(IV) oxide powder (Sigma-Aldrich) mixed with PBS, on the surface of the central region of the gel (box in Fig. 1A ) with a 7-0 nylon suture (Ethicon, 1647G) and used these markers to track compaction over the course of the experiment. We used a digital camera to image the markers before the pre-culture period, after the pre-culture period prior to the onset of loading, and at the end of each loading protocol. All images were taken when the stretching devices were at the 0% strain position, so marker positions in these images reflected the deformations due to gel compaction. We used the markers to compute a single homogeneous deformation gradient tensor F that provided the least-squares best fit mapping of the 9 marker positions from the undeformed (beginning of experiment) to deformed positions by solving the overdetermined matrix equation:
where p is an arbitrary vector included to account for translation between images.
Microscopy and quantification of cell alignment
After the stretch protocols, we fixed the gels in 10% formalin, stained the F-actin Fig   S4D) . Finally, we averaged MVL gel values across the (n=5) gels for each experimental condition.
Quantification of Parallel vs. Perpendicular Alignment of Cells and SFs
In order to quantitatively compare the alignment and directionality of experimentally measured cells and computationally simulated SFs at different frequencies, we used an order parameter (21, 22): 
Statistics
We used a two-way ANOVA to assess whether transverse compaction (F22) or alignment (MVL) varied significantly across the stretch amplitudes (0%, 10% 0.5 Hz)
and durations (24, 48, 72h) tested (Prism, GraphPad Software, San Diego, CA). We used a one sample t-test to assess whether alignment (either parallel for S>0 or perpendicular for S<0) varied significantly from a hypothetical mean of S=0 (random alignment) at each of our experimentally tested frequencies. We did not run statistics on any of the measurements taken from Jungbauer (22).
Computational Model
As detailed in the SI Appendix, we modified a previously published model by substrates. The model incorporates the fundamental observation that tension promotes stress fiber assembly by assuming that tension reduces the free energy of subunits in the bound state. It also incorporates force-length and force-velocity behavior for actomyosin, allowing it to capture phenomena such as the disassembly of stress fibers in response to rapid shortening (15). The Vigliotti model was designed to simulate the response of a single cell to known applied strains. However, cells embedded in collagen gels can locally remodel both the collagen fibers and their attachments to the collagen (7, 24-26) over time scales of minutes to hours, so that the effective cell strain at any time point in our experiments likely differed from the gross compaction strains we measured using markers. We therefore introduced the additional assumption that over long time scales, the cell maintains an average stress state that minimizes its free energy. Furthermore, embedded cells and the surrounding gel are mechanically in series, so that in very soft gels the cells experience only a fraction of the applied cyclic strain (27) . We therefore assumed that only a fraction of the applied cyclic strain was transmitted to cells when simulating 3D stretch, whereas the full applied cyclic strain was transmitted to cells when simulating 2D stretch. 
(B) Computational SF Alignment (A) Experimental Cell Alignment
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Adult Cardiac Fibroblast Isolation and Culture
We euthanized Sprague-Dawley rats (6 weeks old, ~220 g), removed and minced their ventricles into ~1 mm 3 pieces, and digested the pieces using Liberase TM Research Grade (Roche, Indianapolis, IN). We centrifuged successive digestions for 10 min at 400 x g, resuspended the cells in culture medium containing Dulbecco's modified Eagle medium (Sigma-Aldrich, St. Louis, MO) with 10% fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA), 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 ng/mL amphotericin B (all Sigma-Aldrich), and transferred the cells into cell culture flasks incubated at 37°C and 5% CO2. After 4h, we removed the culture media, rinsed the cells with phosphate-buffered saline (PBS, Sigma-Aldrich) to remove nonadherent cells, and resupplied with culture medium. We replaced media every 2-3 days and harvested cells for experiments at passage 1 (7 days after isolation) or 2 (10-11 days after isolation).
Fabrication of Fibroblast-Populated Collagen Hydrogels
We serum starved the fibroblasts for 18 hours before using 0.25% Trypsin-EDTA (Sigma-Aldrich) to dissociate them from their flasks and resuspending them in serum-free culture media. We created collagen solution at a 1:1:8 ratio of 0.2 M HEPES, 10X MEM (both Sigma-Aldrich), and 3.1 mg/mL type I Bovine Collagen Solution (PureCol, Advanced Biomatrix, San Diego, CA) and mixed it at a 4:1 ratio with the resuspended cells for a final cell concentration of 200k cells/mL and collagen concentration of ~2mg/mL. We placed this cell+collagen mixture on a rotator in an incubator for 20-30 min to initiate gelation before pouring it into 100mm x 15mm Petri dishes coated with polydimethylsiloxane (PDMS, Dow Corning, Sylgard 184 Silicone Elastomer Kit) to prevent adhesion and fitted with negative cruciform molds with small sponges at the arms (Fig. 1A) . After the gels polymerized for 4h in an incubator, we either isotropically constrained them for 1 day by pushing two small pins through each sponge into the PDMS layer, or we let them float freely in media and isotropically compact for 1 day. The free-floating gels were cast from a larger total volume in larger molds to allow for compaction, so that dimensions of all gels would be matched after 1 day, prior to transfer to the loading system.
Comparison of Cell Alignment to Stress Fiber Alignment
Our experiments quantified the orientation distribution of populations of cells, while most models (including the one employed here, see below) predict distributions of stress fibers (SFs) within a single hypothetical cell. In order to understand any differences between these two metrics that might confound interpretation, we imaged ten cells from each 72h loading condition (sixty total) with a confocal microscope with a 60x objective, creating z-stacks consisting of one image every 0.5µm through each cell's thickness. Within each z-stack, we created 2D grayscale projections by manually selecting images that most clearly showed the cell's SFs. We measured stress fiber orientation using the custom software MatFiber, a MATLAB implementation of an intensity-gradient-detection algorithm originally developed by Karlon et al. (1) and subsequently used by our group to quantify collagen fiber orientation in histologic sections (2, 3) and by others to quantify stress fiber alignment within stretched cells (4, 5) . We used the orientations of structures within 6x6 pixel subregions to calculate the strength of alignment, MVL SF (ranging from 0, all SFs randomly oriented, to 1, all SFs aligned) and mean angle, MA SF (see main manuscript, equations 2-4). Then, the boundaries of each cell were traced to calculate each cell's MA cell and MVL cell as described above for comparison.
The calculated orientation of the cell using its boundary, MA cell , and its stress fibers, MA SF , correlated closely across most of the 60 cells analyzed, with an overall regression equation MA cell = 0.88*MA SF -7.2 and an R 2 value of 0.84 (Fig. S1A) . The strength of orientation of the cell using its boundary, MVL cell , and its stress fibers, MVL SF were less tightly correlated on a cell-by-cell basis, with an R 2 value of 0.65 (Fig. S1B) ; the relationship between these two measures (MVL cell = 1.25*MVL SF + 0.08) suggested that mean vector length computed from the cell boundary is generally higher than the mean vector length computed from stress fibers imaged in the same cell.
Modified Computational Model
Here we describe briefly describe the model of Vigliotti et al. (6) and its application for the analysis of cells in tissues subjected to different boundary conditions as described in the main manuscript. We restrict attention to a 2D cell in the " − $ plane with the out-of-plane Cauchy stress && = 0.
Configuration Under Static Loading
The Vigliotti et al. (6) model describes the kinetics of stress-fiber remodeling for a given set of boundary conditions. The internal chemical kinetic processes (formation/dissociation of stress-fibers and diffusion of the unbound stress-fiber proteins) are rapid and attain an equilibrium rapidly compared to the rate at which the cell can change its morphological configuration (i.e. its shape, size etc). Thus, under static loading conditions the observed state is well approximated by the equilibrium state of the cell. In order to determine that equilibrium state for a given set of boundary conditions, we use the Vigliotti model to calculate the Gibbs-free energy of the cell as outlined below.
Let * be the thickness of the 2D cell in its elastic resting state and the corresponding volume * . The reference representative volume element (RVE) of the stress-fibers within the cell in this resting configuration is assumed to be a cylinder of volume , = * . 
where / @@ is the strain at steady-state within a functional unit of the stress fibers. In 
where R S is the normalized concentration of the unbound stress fiber proteins given by R S ≡ S / * and ̂≡ , / * is the normalized angular density of stress-fibers.
Here R V is the number of available lattice sites while the enthalpy of , bound functional units at steady-state is given in terms of the isometric stress-fiber stress YZ[ and the internal energy H* as 
We emphasize that R S @@ is a constant, i.e. independent of 8 as the chemical potential (A4) at equilibrium is constant over the entire cell. We can now use conservation of the stress-fiber proteins to determine R S @@ . The normalized total number of functional unit packets R 6 ≡ 6 / * in a RVE located at 8 follows from the above analysis as 
where * ≡ * / * is the resting area of the cell. Combining (A6) and (A7),
The cytoskeletal free-energy is then 
where S @@ and H @@ are the steady-state values of S and H , respectively.
To complete the description of the cell we need to specify the stress state.
Vigliotti et al. (6) showed via a homogenization analysis that in 2D the stress state due to the active stresses generated by the stress-fibers is given by 
where * is the angle of the stress-fiber measured with respect to 8 and is related to by the rotation of the base vectors 8 from the reference configuration and * is the volume fraction of stress-fiber proteins under reference conditions. The total Cauchy stress 8‚ follows from an additive decomposition of 8‚ and the passive stress 8‚ ƒ as
The passive response is assumed to follow a compressible Neo-Hookean relation of the form 
The specification is complete by requiring mechanical equilibrium, i.e.
subject to the appropriate boundary conditions. The total free-energy of the cell is then
which reduces to the expression Furthermore, the local plastic deformation of the gel near each individual cell is unknown. We simplify the problem by modeling the cells to be spatially uniform, described by a single set of nominal strains "" , $$ and "$ . The above analysis to calculate the free-energy of the cell then simplifies considerably with
and We now proceed to detail the analysis for the three cases under consideration here: (i) biaxial constraint imposed on the gel; (ii) gels restrained uniaxially in the " direction; and (iii) cells on stiff and flat 2D substrates. For the case of biaxial restraint, the applied boundary conditions can balance any stresses "" and $$ generated by the cell but the gel cannot sustain a shear stress "$ generated by the cell. Thus, we constrain the cells to only assume states with "$ = 0 so that no elastic shear stresses are generated. Moreover, the boundary conditions in the "
and $ directions are identical and thus it is reasonable to assume that cells assume states with "" = $$ . The cells then spread and remodel within the gel subject to these constraints in order to minimize their free-energy . We define a normalised cytoskeletal and total free-energies as (Fig. S1A) , and the predicted distribution of assembled actin @@ ≡ @@ ( ) A @@ ( ) is spatially isotropic (Fig. 3I ). The configuration of cells under static loading on 2D flat substrates is identical to that for the biaxially constrained gel as the 2D stiff substrates can support any stresses/tractions generated by the cell in the " and $ directions.
For the case of uniaxial restraint in the " direction, equilibrium requires that resultant forces in the $ direction vanish, so we only allow the cells to assume states with $$ = 0. As in the biaxial case, we also assume the gel cannot support shear stresses "$ so that "$ = 0. Thus, the problem reduces to determining the value of "" that minimizes A. A minimum is seen at "" sƒr = 0.075, $$ sƒr = −0.2107 (Fig. S1B,C ) and is associated with preferential alignment of stress fibers along the " direction (Fig. 3C,F) .
Analysis of Fibroblast-Populated Gels Under Cyclic Loading
To simulate cyclic loading of cells (on 2D substrates and in gels) we separate the strain 8‚ of the cell into two parts: a static time independent component ¥ 8‚ and a cyclic component 8‚ ( ) such that 8‚ ( ) = ¥ 8‚ + 8‚ ( ). We assume that over long time scales the cells can remodel such that they adjust their connection to the gel or the substrate and adjust ¥ 8‚ so as to minimize their free-energy subject to the appropriate boundary conditions. Thus, the calculation of ¥ 8‚ reduces to the freeenergy minimization of the cell under equivalent static boundary conditions as outlined above. It now remains to specify the response of cells subject to the additional time-dependent strains 8‚ ( ).
The cyclic analysis of the cells in the gels differed from that for cells on the 2D
substrates. Cells on 2D substrates are adhered to the substrates and the cyclic strains 8‚ ( ) applied to the substrate are directly transmitted to the cell, i.e. We analyze the three cyclic loading cases using the full Vigliotti et al. (6) model, i.e. the model accounting for transient evolution of the cytoskeleton and not just the steady-state limit as described above. The three cyclic loading cases and the associated boundary conditions are:
(i) Cyclic response of cells on 2D substrates: here we impose "" ( ) = "" ( ) with $$ ( ) = 0.
(ii) Strip uniaxial stretch of cells in gels: here we impose "" ( ) = "" ( ) with
(iii) Uniaxial stretch of cells in gels: here we impose "" ( ) = "" ( ) with $$ ( ) = 0.
The transient model of Vigliotti et al. (6) requires a few additional parameters to those specified above. These are taken from (6) but we list them here for the sake of completeness. The activation barrier for stress fiber kinetics is taken to be ' = 20 š * while the time constant for stress fiber formation/dissociation is / = 20 Hz with the stress-fiber remodeling assumed to be slow with a rate constant = 0.01 Hz. In addition we now need to specify the parameters for the dependence of the stress generated by the stress-fibers on the stress-fiber strain rates, which is assumed to have a Hill-like form with associated constants ̇* = 0.53 s h" , ƒ = 0.6
and @ = 0.3. The cyclic simulations were performed with initial conditions given by the corresponding static analysis described above. Finally, the parameter that sets the cyclic strain transmitted into the cells in the gels was set to = 0.0125 in all simulations reported here. Cyclic loading was imposed until a steady-state was attained which was realized for all boundary conditions after approximately 12 hours of cyclic loading. The cyclic steady-state distributions of ≡ as a function of are presented in Fig. 3C ,F,I. 
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